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Capture  and  recovery  of  hazardous  air  pollutants  (HAPs) 
and  volatile  organic  compounds  (VOCs)  from  gas  streams 
using  physical  adsorption  onto  activated  carbon  fiber 
cloth  (ACFC)  is  demonstrated  on  the  bench-scale.  This 
system  is  regenerated  eiectrothermally,  by  passing  an  electric 
current  directly  through  the  ACFC.  The  adsorbate  desorbs 
from  the  ACFC,  rapidly  condenses  on  the  inside  walls 
of  the  adsorber,  and  then  drains  from  the  adsorber  as  a 
pure  liquid.  Rapid  electrothermal  desorption  exhibits  such 
unique  characteristics  as  extremely  low  purge  gas  flow 
rate,  rapid  rate  of  ACFC  heating,  rapid  mass  transfer  kinetics 
inherent  to  ACFC,  and  in-vesse!  condensation.  An  existing 
system  was  scaled  up  500%,  and  the  new  system  was 
modeled  using  material  and  energy  balances.  Adsorption 
isotherms  using  methyl  ethyl  ketone  (MEK)  and  ACFC  were 
obtained  while  electricity  passed  through  the  ACFC  and 
at  temperatures  above  MEK's  boiling  point.  These  isotherms 
agreed  within  7%  to  Dubinin-Radushkevich  modeled 
isotherms  that  were  extrapolated  from  independently 
determined  gravimetric  measurements  obtained  at  lower 
temperatures.  Energy  and  material  balances  for  the 
electrothermal  desorption  of  organic  vapors  and  ACFC 
agree  to  within  7%  of  experimentally  measured  values. 
These  results  allow  the  modeling  of  electrothermal  desorption 
of  organic  vapors  from  gas  streams  with  in-vessel 
condensation  to  optimize  operating  conditions  of  the 
system  during  regeneration  of  the  adsorbent. 


Introduction 

Traditional  methods  used  to  regenerate  activated  carbon 
adsorbents  and  capture  adsorbed  hazardous  air  pollutants/ 
volatile  organic  compounds  (HAPs/VOCs)  include  vacuum 
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and  thermal  treatments.  Thermal  treatments  include  steam, 
heating  with  an  inert  purge  gas,  and  heating  with  close- 
proximity  electrically  resistive  elements.  Steam  is  the  com¬ 
monest  method  to  regenerate  carbonaceous  adsorbents  (1). 

Alternative  techniques  to  thermally  regenerate  carbon¬ 
aceous  adsorbents  include  direct  electrical  heating,  inductive 
electrical  heating,  and  microwave  heating  (2).  These  tech¬ 
niques  offer  distinct  advantages  over  the  more  traditional 
adsorbent  regeneration  techniques: 

(i)  Energy  efficiency  is  higher  than  heating  by  steam  or 
inert  gas  because  the  energy  is  delivered  directly  to  the 
adsorbent  and  adsorbate,  thus  minimizing  the  energy 
expended  to  heat  the  vessel  and  ancillary  equipment. 

(ii)  Heating  rate  of  the  adsorbent  is  not  limited  by  heat / 
mass  transfer  rates  between  the  carrier  gas  and  the  adsorbent 
because  the  energy  is  directly  applied  to  the  adsorbent  and 
adsorbate  rather  than  being  delivered  by  the  carrier  gas 
stream. 

(iii)  Effluent  concentration  of  adsorbate  can  be  maximized 
because  the  purge  gas  flow  rate  is  controlled  independent 
of  the  rate  of  heating  of  the  adsorbent. 

(iv)  Unlike  steam  regeneration,  direct  heating  techniques 
do  not  contaminate  the  system  with  water,  which  is  difficult 
and  costly  to  separate  from  water- miscible  adsorbates,  and 
can  cause  corrosion. 

(v)  Equipment  needed  to  regenerate  the  adsorbent  is  much 
simpler  and  more  compact  than  traditional  techniques. 

Of  the  techniques  that  apply  energy  to  the  adsorbent 
internally,  direct  electrical  heating  or  electrothermal  de¬ 
sorption  (ED)  is  the  most  promising.  For  example,  inductive 
regeneration  has  technical  difficulties  in  evenly  distributing 
the  energy  throughout  the  adsorbent  and  from  energy  losses 
in  the  transmission  of  energy  to  the  adsorbent  from  the  source 
of  power.  Electrothermal  desorption  energy  efficiency  has 
been  verified  by  modeling  (3).  Additional  references  on  ED 
of  carbonaceous  adsorbents  are  found  in  Sullivan  (4).  Much 
recent  ED  activity  has  been  in  France  (5-  7)  and  at  University 
of  Illinois  (8,  9). 

Rapid  ED  of  ACFC,  with  in-vessel  condensation  of  the 
adsorbate,  was  demonstrated  at  the  bench-scale  with  an 
automated  dual- vessel  system  ( 4 ,  10).  The  system  was 
developed  to  remove  methyl  ethyl  ketone  (MEK)  from  air, 
which  is  difficult  to  accomplish  with  traditional  granular 
activated  carbon  (GAC)  because  of  the  occurrence  of  bed 
fires  (11,  12).  This  was  the  first  successful  system  to 
continuously  capture  dilute  organic  vapors  from  air  and 
recover  liquid  adsorbate  using  electrothermal-swing  adsorp¬ 
tion  (ESA)  in  a  fixed-bed  system  without  a  separate  con¬ 
densation  unit  (4). 

The  objectives  of  this  study  are  to  advance  ACFC/ESA 
technology  by  developing,  demonstrating,  and  modeling  the 
energy  and  material  balances  for  a  larger  bench-scale  system. 
To  model  the  ED  portion  of  ESA,  equilibrium  data  for  the 
elevated  temperatures  and  concentrations  experienced  dur¬ 
ing  desorption  were  needed.  This  research  characterizes  the 
applicability  of  the  Dubinin-Radushkevich  (DR)  equation 
to  describe  the  equilibrium  partitioning  of  organic  vapor 
between  the  gas  and  solid  phases  at  conditions  experienced 
during  ED.  The  new  bench-scale  adsorber  is  500%  larger 
than  the  previous  ACFC/ED  system  (13).  This  new  design 
also  represents  a  practical  and  more  simplified  configuration 
for  further  scale-up.  A  new  ED  model  is  developed  to 
characterize  the  dominant  parameters  controlling  ED  and 
to  describe  the  electrical  energy  consumed  and  the  con¬ 
densate  recovered  during  regeneration.  This  model  is  also 
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FIGURE  1.  Schematic  of  system  used  to  produce  adsorption  isotherms. 


used  to  predict  energy  requirements  for  select  ED  operating 
conditions. 


Experimental  Apparatus  and  Methodology 

Adsorption  Isotherms.  The  experimental  system  used  to 
obtain  the  high-temperature  adsorption  isotherm  data 
consisted  of  a  gas  generation  unit,  the  adsorption  vessel,  a 
direct  electrical  heating  power  supply,  and  a  gas  detection 
unit  ( 4 ) .  The  gas  generation  unit  used  laboratory- grade  N2(g) 
as  the  carrier  gas,  and  it  was  metered  with  a  mass  flow 
controller  (Tylan,  model  FC-280)  upstream  of  the  vessel. 
Liquid  adsorbate  was  delivered  to  the  N2(g)  steam  through 
an  injection  port  using  a  syringe  pump  (KD  Scientific,  model 
KDS200)  and  hypodermic  needle.  The  injection  port  con¬ 
tained  0.9  g  of  ACFC  (American  Kynol  Inc.,  type  ACC-5092- 
20;  14)  configured  into  a  wick  attached  to  the  end  of  the 
hypodermic  needle  to  buffer  fluctuations  in  feed  rate  of  the 
liquid  adsorbate.  The  port  was  heated  to  ~100  °C  with 
externally  clamped-on  electrical  resistance  heaters  to  en¬ 
hance  evaporation  (see  Figure  1). 

The  cylindrical  portion  of  the  adsorption  vessel  was  made 
of  Pyrex,  with  an  outer  diameter  of  75  mm  and  a  wall  thickness 
of  4  mm.  The  vessel  contained  37.45  g  of  ACFC  (American 
Kynol  Inc.,  type  ACC-5092-20).  The  ACFC  was  rolled  into  a 
hollow  cylinder  with  an  inner  diameter  of  19  mm.  The  ACFC 
was  heated  during  the  breakthrough  tests  by  passing 
alternating  electrical  current  through  the  fabric.  Thermo¬ 
couples  (Omega  Inc.,  Type  K)  were  positioned  on  the  inner 
and  outer  surfaces  of  the  ACFC  cartridge  to  monitor  the 
temperature  of  the  adsorbent.  The  thermocouples  were 
ungrounded  and  electrically  isolated  with  an  electrically 
protected  thermocouple  module  (Keithley,  model  MB47-K- 
05)  because  the  thermocouples  were  in  contact  with  the  ACFC 
as  electrical  current  passed  through  the  ACFC.  Total  gas  flow 
rates  during  these  breakthrough  tests  were  10-12  standard 
L/min.  The  bed  was  regenerated  between  runs  by  increasing 
the  ACFC’s  temperature  to  250  °C  while  purging  the  vessel 
with  ultrahigh-purity  (UHP)  N2(g).  Direct  electrical  heating 
was  applied  to  the  ACFC  with  a  silicon  control  rectifier  (SCR) 
(Robicon,  series  440)  using  alternating  current.  Effluent 
concentration  of  the  adsorber  was  measured  by  a  total 
hydrocarbon  analyzer  using  flame  ionization  detection  (THC/ 
FID,  MSA/Baseline  Inc.,  series  8800). 

The  high-temperature  isotherms  that  were  obtained  while 
electrical  current  passed  through  the  ACFC  were  completed 
with  the  use  of  breakthrough  tests.  Results  from  these  tests 
described  the  adsorption  capacity  of  the  ACFC  at  select  inlet 
concentrations  of  organic  vapor  as  described  by: 


ptot(MW)Qalr  ru  r,n 

p^RT  Jo  \1  -  Yln 


(1) 


where  W  is  the  volume  of  adsorbed  organic  vapor  per  unit 


mass  of  adsorbent,  Pt0 1  is  the  total  pressure  of  the  inlet  gas 
stream,  MW  is  the  molecular  weight  of  the  adsorbate,  Qur  is 
the  volume  flow  rate  of  carrier  gas,  Ris  the  ideal  gas  constant, 
Tis  the  absolute  temperature  of  the  inlet  carrier  gas,  ms  is 
the  mass  of  the  adsorbent,  p\  is  the  bulk  liquid  density  of  the 
adsorbate,  Y\n  is  the  mole  fraction  of  adsorbate  in  the  inlet 
gas  stream,  yout  is  the  mole  fraction  of  adsorbate  in  the  exhaust 
gas  stream,  and  fsat  is  the  time  at  which  Tout  has  reached  its 
final,  steady-state  value  because  the  adsorbent  is  saturated 
with  respect  to  the  adsorbate. 

The  DR  equation,  which  is  based  on  volume  pore  filling 
for  microporous  adsorbents,  has  been  shown  to  accurately 
describe  the  equilibrium  relationship  between  the  gas  and 
solid  phases  for  ACFC  adsorbent  tested  here  at  293  K<  T< 
323  K  (15-17).  The  Wagner  equation  is  used  here  to  determine 
the  saturation  vapor  pressure  of  the  adsorbate  (18). 

Electrothermal  Swing  Adsorption  Tests.  The  bench-scale 
ACFC/ESA  system,  along  with  the  ancillary  equipment,  is 
shown  in  Figure  2.  The  gas  generation  system  was  the  same 
system  as  used  for  the  high-temperature  isotherm  tests 
described  above,  except  that  air  was  used  as  the  carrier  gas 
instead  of  N2(g)  during  adsorption,  N2(g)  was  used  as  the 
purge  gas  during  regeneration,  and  a  mixing  vessel  was  added 
downstream  of  the  injection  port  to  increase  the  uniformity 
of  the  organic  vapor  concentration  at  the  higher  gas  flow 
rates  used  for  the  adsorption  cycles.  A  flask  beneath  the 
adsorber  collected  condensate  draining  from  the  vessel 
during  the  desorption  tests.  A  standard  laboratory  top-loading 
gravimetric  balance  recorded  the  mass  of  condensate  col¬ 
lected  over  time,  to  be  compared  with  results  from  the 
desorption  model. 

This  adsorber  was  scaled  up  500%  from  its  predecessor 
(4).  This  new  adsorber  contains  four  cartridges  to  increase 
the  total  adsorption  capacity  per  unit  vessel  volume,  de¬ 
creased  amount  of  wettable  inner  surface  area  of  the 
adsorption  vessel  per  unit  mass  of  material  adsorbed  to  the 
adsorbent,  increased  electrical  resistance,  and  reduced 
system  pressure  drop.  The  vessel  was  125  mm  in  outer 
diameter  with  4  mm  wall  thickness.  Gas  flows  during 
adsorption  and  desorption  as  well  as  the  flow  of  electrical 
current  during  desorption  are  also  described  in  Figure  3. 
Each  of  the  four  cartridges  of  ACFC  had  an  inner  diameter 
of  1,9  cm  and  a  length  of  20.3  cm.  Total  mass  of  the  ACFC 
in  the  adsorber  was  128  g. 

The  gas  flow  rate  during  adsorption  cycles  was  carefully 
controlled  at  a  constant  value  between  25  and  60  standard 
L/min,  and  adsorbate  concentrations  ranged  from  constant 
values  of  250  to  1000  ppmv.  N2(g)  gas  purge  rate  during 
desorption  was  1  standard  L/min.  Temperatures,  condensate 
mass,  and  true  root-mean-squared  (rms)  amperage  and 
voltage  were  measured  and  recorded  during  desorption. 

Desorption  Modeling  Methodology.  Adsorbate  is  drawn 
from  the  airstream  into  the  ACFC  as  the  air  passes  through 
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FIGURE  2.  Schematic  of  ESA  system  with  125-mm  o.d.  vessel  used  to  collect  mass  and  energy  balance  information. 
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FIGURE  3.  Schematic  of  125-mm  o.d.  adsorption  vessel  describing  gas  flow  during  adsorption  and  the  gas  flow  and  electric  current  flow 
during  regeneration. 


multiple  layers  of  ACFC  in  each  cartridge.  The  purified 
airstream  then  exits  the  vessel.  The  ACFC  must  be  regenerated 
once  the  adsorbate  breaks  through  the  ACFC.  At  that  time, 
the  air  flow  is  turned  off,  and  N2(g)  passes  through  the  vessel 
to  purge  it  of  02.  The  ACFC’s  electrical  resistivity  allows  the 
material  to  be  heated  by  passing  current  through  the  ACFC 
cartridges.  The  fibers  heat  quickly  (~1  °C/s)  causing  rapid 
desorption  of  the  adsorbate  (~0.5  g/s)  from  the  ACFC.  This 
vapor  is  then  transported  from  the  ACFC  cartridge  to  the 
cool  inner  wall  of  the  vessel,  upon  which  condensation  occurs. 
The  condensate  flows  to  the  bottom  of  the  vessel  by  gravity 
and  exits  the  vessel  with  the  N2(g). 

This  idealized  desorption  cycle  of  ACFC  is  represented 
on  an  isotherm  plot  as  presented  in  Figure  4 ,  where  the  ACFC 
was  saturated  with  MEK  at  1000  ppmv.  Point  1  represents 
the  equilibrium  adsorption  capacity  of  the  ACFC  when 
saturated  at  1000  ppmv  MEK.  The  path  from  point  1  to  point 
2  represents  the  initial  application  of  electrical  power  to  the 
ACFC  causing  it  to  increase  to  125  °C,  and  the  concomitant 
increase  in  vapor  concentration  until  the  gas  is  saturated  at 
the  temperature  of  the  vessel’s  wall,  ^decreases  only  slightly 


during  this  stage,  as  the  mass  required  to  saturate  the  annular 
space  is  1%  of  the  adsorbed  mass  of  MEK.  The  path  from 
point  2  to  point  3  represents  the  second  stage  of  adsorbent 
heating.  The  temperature  of  the  ACFC  continues  to  rise  from 
125  to  200  °C,  but  the  vapor  in  the  annulus  remains  at  its 
saturation  vapor  pressure  (e.g.,  ~0.1  atm  for  MEK)  because 
the  additional  MEK  that  is  released  during  this  stage  is 
condensed  rapidly  onto  the  interior  wall  of  the  vessel.  The 
path  from  point  3  to  point  4  represents  the  cooling  stage, 
after  the  electrical  power  is  turned  off  and  condensed  MEK 
has  drained  from  the  vessel.  Point  4  represents  the  residual 
MEK  left  in  the  ACFC  upon  completion  of  the  desorption 
cycle. 

The  following  assumptions  were  made  in  modeling  the 
desorption  cycle: 

(i)  The  ACFC  is  treated  as  an  annular  monolith 
with  uniform  resistivity.  Such  assumption  is  valid 
because  the  surface  temperature  of  the  ACFC  was 
measured  at  150  ±  5  °C  along  the  entire  length  of  the 
cartridge’s  external  surface  during  constant  power  applica¬ 
tions. 
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FIGURE  4.  Idealized  desorption  process  for  a  MEK-ACFC  system  represented  on  a  series  of  isotherm  plots. 


(ii)  Vapor  concentration  at  the  bulk  gas-ACFC  interface 
is  in  equilibrium  with  the  adsorbed  phase  during  electro¬ 
thermal  regeneration.  The  individual  ACFC  fibers  are  10  ± 
1  fim  in  diameter  (8) ,  which  provides  a  large  surface-area-to- 
mass  ratio,  yielding  very  rapid  heat  and  mass  transfer.  Such 
assumption  is  also  based  on  dimensionless  breakthrough 
curves  that  exhibit  the  same  curve  structure  at  gas  flow  rates 
of  5-60  standard  L/min  and  adsorbate  concentration  ranges 
from  250  to  4300  ppmv  ( 4 ).  It  was  also  demonstrated  with 
a  polymer  bead/microwave  vapor  recovery  system  that  the 
system’s  desorption  performance  is  governed  by  the  tem¬ 
perature  of  the  adsorbent  and  its  adsorption  isotherm,  with 
insignificant  influence  of  mass-transfer  resistance  during 
regeneration  of  the  adsorbent  (19).  The  ACFC/ED  system  is 
similar  to  the  polymer/microwave  system  in  that  it  also  has 
rapid  internal  heating  of  the  adsorbent  and  uses  an  adsorbent 
material  that  exhibits  rapid  mass  transfer.  Temperature  and 
the  adsorption  isotherm  are  the  dominant  factors  that  define 
desorption  of  the  ACFC/ED  system. 

(iii)  Concentration  of  vapor  in  the  annular  space  between 
the  ACFC  and  the  vessel  shell  is  uniform.  The  distance 
between  the  adsorbent  and  the  vessel  shell  is  0.5-1  cm.  At 
this  distance,  molecular  diffusion  alone  would  provide  mass 
transport  of  the  adsorbate  across  the  annular  space  on  a 
time  scale  of  ~5  s.  The  computations  are  made  with  a  time- 
step  of  1  s,  so  other  effects  must  contribute  to  the  annular 
mixing.  Buoyancy-driven  convection  provides  additional 
dispersion  of  the  adsorbate  within  the  annulus.  Although 
detailed  computational  fluid  dynamics  (CFD)  modeling  of 
this  ffee-convection  mixing  is  beyond  the  scope  of  this  effort, 
preliminaiy  results  indicate  substantial  mixing  on  a  1-s  time 
scale  in  the  later  part  of  the  cycle.  A  third  effect  contributes 
to  the  transport  of  the  adsorbate  from  the  ACFC  to  the  vessel 
shell.  Once  the  condensation  commences,  the  resulting 
volume  reduction  at  the  point  of  condensation  creates  bulk 
convection  toward  the  vessel  shell.  When  purge  gas  is  used, 
additional  bulk  convection  results.  The  transport  of  the 
adsorbate  from  the  ACFC  toward  the  vessel  shell  is  a  complex 
combination  of  these  four  factors,  and  the  magnitude  of  their 
combined  effect  supports  the  mixing  assumption  for  the 
annular  space. 

(iv)  Condensation  of  vapor  on  the  vessel’s  wall  is 
instantaneous.  Dropwise  condensation  was  observed  for  the 


adsorbates  tested  here.  Therefore,  the  rate  of  condensation 
for  these  adsorbates  at  the  internal  surface  of  the  vessel’s 
wall  was  modeled  to  be  ~  8  mL/s  based  on  dropwise 
condensation  (20).  However,  the  peak  release  rate  from  the 
ACFC  is  ~  0.5  mL/s,  based  on  the  temperature  of  the 
adsorbent  and  the  adsorption  isotherm.  Therefore,  the 
condensation  rate  at  the  wall  of  the  vessel  is  not  limiting  the 
rate  of  liquification  of  the  vapor.  The  vapor  that  is  desorbed 
from  the  ACFC  rapidly  condenses  on  the  vessel's  inner  wall 
once  the  annular  space  is  saturated  with  respect  to  the  vapor’s 
concentration  at  the  temperature  of  the  vessel’s  wall. 

(v)  A  vertical  desorption  wave  travels  through  a  small 
portion  of  the  bed  when  a  purge  gas  is  used.  The  length  of 
the  mass  transfer  zone  within  this  desorption  wave  is 
negligible.  It  is  observed  experimentally  that  desorption  runs 
performed  with  or  without  N2(g)  purge  gas  are  nearly 
indistinguishable  from  each  other  during  the  application  of 
electrical  power.  Specifically  the  final  temperature,  energy 
consumption,  and  total  mass  of  adsorbate  recovered  for  a 
desorption  run  without  purge  gas  are  all  within  5%  of  the 
values  obtained  from  tests  with  the  same  applied  power  and 
1  standard  L/min  of  N2(g).  The  mass  of  vapor  carried  by  the 
purge  gas  is  ~3%  of  the  total  adsorbed  mass  of  MEK.  When 
purge  gas  is  used,  the  volume  is  sufficient  for  a  desorption 
wave  to  penetrate  no  more  than  10%  of  the  depth  of  the  bed. 
Ignoring  the  thickness  of  the  mass  transfer  zone  during 
desorption  introduces  a  small  error  in  modeling  the  de¬ 
sorption  cycle  while  dramatically  simplifying  the  computa¬ 
tions. 

Energy  and  material  balances  can  be  constructed  with 
the  boundary  of  the  control  volume  along  the  inner  surface 
of  the  adsorption  vessel  (inner  dashed  line  of  Figure  5).  The 
material  balance  describes  the  amount  of  condensate  formed 
by  considering  the  decrease  in  the  adsorbate  mass  loading 
in  the  adsorbent  ( W) ,  the  increase  in  the  vapor  concentration 
in  the  annulus,  and  the  flow  from  the  vessel  of  vapor  that  is 
in  the  purge  gas  (eq  2,  Figure  6). 

dm,_  d  W  pto,VMwdY  QftPMwY 
d t  p,n,$  df  RT  df  RT  (  ) 

where  dmi  is  the  change  in  condensate  mass  within  the 
control  volume,  W  is  the  volume  of  adsorbate  per  mass  of 
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FIGURE  5.  Schematic  of  125-mm  diameter  adsorber  showing  control 
volumes  for  the  inner  and  outer  mass  and  energy  balances. 
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where  Pc  is  the  critical  pressure;  VPa,  VPb,  VPc,  and  VPq  are 
Wagner  constants  for  the  adsorbate,  x=\  -  (T/Tc)\  Tc  is  the 
critical  temperature  of  the  adsorbate,  W  is  the  volume  of 
adsorbate  per  mass  of  adsorbent,  W0  is  the  micropore  volume 
per  unit  mass  of  adsorbent,  and  E  is  the  adsorption  energy 
of  the  adsorbate.  The  temperature  of  the  ACFC  is  needed  to 
determine  the  equilibrium  vapor  concentration  at  the  ACFC- 
gas/vapor  interface,  and  the  resulting  mass  flow  rate  of 
condensate  from  the  ACFC  (eq  2).  A  combined  mass  and 
energy  balance  is  used  to  determine  the  temperature  of  the 
ACFC.  The  electrical  energy  input  is  equated  to  the  product 
of  the  heat  of  adsorption  and  the  change  in  adsorbate  loading 
plus  the  summation  of  the  heat  capacities  times  the  change 
in  temperature  terms,  plus  the  conductive,  convective,  and 
radiative  losses  of  the  ACFC  as  developed  for  the  inner  energy 
balance  of  Figure  5  and  described  schematically  in  Figure  7 
and  analytically  in  eq  4: 

V7=  msAWads^  +  Xmfcp4f +  +  qcv' + 

(<?0  ~  9)Cpv)^7  +  <?gcpg^7  +  Mc0m(T~  TJ  + 

kA 

eoAJLT*  -  Tj)  +  — pkr-  TJ  (4) 

where  ms  is  the  mass  of  the  solid  (adsorbent) ;  Hads  is  the  heat 
of  adsorption;  q  =  p\W  where  W  is  the  volume  of  adsorbate 
per  mass  of  adsorbent;  mr  is  the  mass  of  the  adsorber’s 
components  in  direct  contact  with  the  adsorbent;  cp  values 
are  the  mass-specific  heat  capacities  for  the  adsorber’s 
materials  (cPf),  the  adsorbent  (cps),  liquid  adsorbate  (Cpi),  and 
gas-phase  adsorbate  (cpv) ;  Qg  is  the  mass  flow  rate  of  the  gas; 
h  is  the  convective  heat  transfer  coefficient  at  the  ACFC 
interface;  Tis  the  temperature  of  the  ACFC;  e  is  the  emissivity 
of  the  ACFC;  a  is  the  Stefan- Boltzmann  constant;  Aconv,  Arad, 
and  Acond  are  the  effective  surface  areas  for  convection, 
radiation,  and  conduction,  respectively;  k  is  the  thermal 
conductivity  coefficient  of  the  stainless  steel  tubing  into  and 
out  of  the  vessel;  L  is  the  length  of  conduction  along  the 
stainless  tubing;  V  is  rms  voltage;  and  /  is  rms  current.  A 
detailed  list  of  the  parameters  used  in  eq  4  with  example 
adsorbate  values  for  MEK  is  provided  in  Table  1. 

A  second  energy  balance  along  the  outer  boundaiy  of  the 
entire  adsorber  (Figure  5)  is  also  performed  for  closure. 
Conductive  losses  across  the  polypropylene  gas  supply  and 
exhaust  tubes  are  neglected,  as  the  temperatures  of  the  Nz(g) 
stream  at  the  vessel’s  inlet  and  outlet  connections  are  within 
5  °C  of  ambient  conditions,  and  the  estimated  conduction 
through  the  polypropylene  tubing  connected  to  the  adsorber 
is  less  than  1%  of  the  total  energy  input.  An  energy  term  for 
the  condensation  of  the  adsorbate  (AHvap)  is  added  since  the 
adsorbate  crosses  the  boundary  as  a  liquid; 


FIGURE  (.  Conceptual  diagram  of  desorption  mass  balance. 

adsorbent,  Pt0 1  is  the  total  pressure  in  the  vessel,  V  is  the 
volume  of  the  vessel,  Mv  is  the  molecular  weight  of  the 
adsorbate,  R  is  the  ideal  gas  constant,  T  is  the  absolute 
temperature,  Y is  the  mole  fraction  of  adsorbate  in  the  gas, 
t  is  time,  and  Qg  is  the  total  volume  flow  rate  of  the  purge 
gas. 

The  bulk  gas-phase  concentration  within  the  vessel  is 
computed  knowing  the  mass  of  material  adsorbed  on  the 
ACFC  and  the  adsorbent’s  temperature  by  combining  the 
DR  equation  and  Wagner’s  equation  (13): 

VPAx+  VPb*1-5  +  VPc*3  +  VPdx6\1 

-  - H  (3) 

Ptot  exptV  -  InOV/WJ/W] 


VI  =  msAHads^2  +  SmfCP^t  +  ms(cPs +  9cPi  + 

(<7o  “  9)Cpv)^7  +  CgCpg^  +  hAcom(T~  T»)  + 

-  r.'>  -  a nj£  +  ^(r-  tj  (5) 

An  average  heat  capacity  of  graphitic  carbon  was  used  for 
the  ACFC,  since  no  data  are  available  for  ACFC.  The  ambient 
temperature  (20  °C)  was  used  for  in  the  radiation 
calculations.  The  error  in  the  radiation  energy  term  intro¬ 
duced  by  neglecting  the  radiation  back  from  the  vessel  shell 
to  the  ACFC  is  calculated  to  be  <  10%  of  the  radiation  term. 

Electrical  resistivity  of  the  ACFC  (p(7))  decreases  with 
increasing  temperature  as  described  by: 

p(7)  =  pR(l  +  a(T-  TR))  (6) 


VOL.  38,  NO.  18,  2004  I  ENVIRONMENTAL  SCIENCE  &  TECHNOLOGY  »  4869 


TABLE  1.  Input  Parameters  for  Desorption  Modeling 


variable  description 

symbol 

value 

units 

source 

mass  of  adsorbent 

ms 

128 

g 

measured 

heat  of  adsorption 

Ha  ds 

917.9 

J/g 

21 

loading,  adsorbate/ACFC 

q 

0.0— 0.6 

g;g  .  . 

computed  from  DR  eq 

heat  capacity  (aluminum) 

Cpf 

0.9 

J  g-1  k-1 

22 

heat  capacity  (304  stainless) 

Cpf 

0.468 

J  g  1  k  1 

J  g-1  K-1 

J  g-1  K-' 

J  g-’  K-1 

20 

heat  capacity  (ACFC) 

Cps 

0.71 

20 

heat  capacity  (MEK(I)) 

Cpi 

2.19 

18 

heat  capacity  (MEK(g)) 

Cpv 

1.4 

18 

heat  capacity  (N2(g)) 

Cpg 

1.04 

J  g-1  K  1 

22 

total  micropore  volume 

Wo 

0.748 

cm3/g 

21 

adsorption  potential 

E 

14.43 

kJ/mol 

21 

emissivity 

€ 

0.9 

N/A 

20 

Stefan- Boltzmann  constant 

S 

5.67E-8 

W/m2*K4 

20 

area  for  conduction 

Acond 

8.12E-4 

m2 

measured 

area  for  convection 

Aconv 

0.13 

m2 

calculated  by  SEMa 

area  for  radiation 

Arad 

0.13 

m2 

calculated  by  SEM 

length  of  conduction 

L 

0.038 

m 

measured 

cond  heat  transfer  coeff 

k 

15 

W  m"2  K"1 

20 

conv  heat  transfer  coeff 

h 

W 

W  m“2  K"1 

20 

mass  of  fittings  (aluminum) 

m 

69 

9 

measured 

mass  of  fittings  (stainless) 

m f 

262.3 

g 

measured 

liquid  density 

Pi 

0.81 

g/mL 

22 

N2(g)  flow  rate 

Oor  1 

standard  L/min 

measured 

power  input  function 

1 SEM,  scanning  electron  micrograph. 

m 

/=  9.8 

A 

measured 

where  pR  is  the  resistivity  of  the  ACFC  at  TR  and  a  is  the 
thermal  resistivity  factor  of  the  ACFC.  a  for  the  Kynol-based 
ACFC  has  been  measured  at  -3.0  x  10-3  °C_l  (S). 

Since  the  purge  gas  volume  is  relatively  low  (or  zero) ,  the 
primary  mechanism  for  convective  heat  transfer  from  the 
ACFC  is  free  convection  in  the  annular  space.  The  convective 
heat  transfer  coefficient  for  convection  of  thermal  energy 
from  the  ACFC  to  the  gas  in  the  annular  space  is  estimated 
using  (20) 


h  =  - 


Nwk 


(7) 


Nu} 


=  jo.825  + 


0.387 Ra^ 


1/6 


RaL  ~ 


[1  +  (0.492/Pr)9/16]8/27J 
gS(rs-  TJL3 


rjv 


(8) 

(9) 


where  h  is  the  convective  heat  transfer  coefficient,  Nul  is  the 
Nusselt  number,  k  is  the  thermal  conductivity  for  the  gas,  L 
is  the  vertical  length  of  the  heat  transfer  surface,  is  the 

Rayleigh  number,  Pr  is  the  Prandtl  number,  g  is  the  constant 
of  gravity,  p  is  the  reciprocal  of  the  film  temperature  (average 
of  Ts  and  TJ) ,  Ts  is  the  surface  temperature  of  the  heat  transfer 
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FIGURE  8.  Measured  MEK  adsorption  capacities  obtained  with  breakthrough  curves  and  electrothermal  heating  (symbols)  and  modeled 
isotherms  (lines)  based  on  the  DR  equation  with  gravimetric  data  and  indirect  heating  (21). 


surface,  7L  is  the  ambient  temperature,  rj  is  the  thermal 
diffusivity,  and  v  is  kinematic  gas  viscosity. 

The  outer  surface  area  of  the  ACFC  cartridges  is  used  in 
the  convection  and  radiation  calculations.  The  vertical  surface 
area  of  a  smooth  cylinder  representing  an  ACFC  cartridge 
would  have  an  area  (A)  equal  to  nDH.  The  woven  ACFC 
surface  however  is  textured. 

Scanning  electron  micrographs  (14)  were  used  to  ap¬ 
proximate  the  ACFC  surface  area.  A  photograph  of  the  profile- 
view  of  the  ACFC  surface  was  placed  in  a  computer  graphics 
program,  and  the  surface  was  traced  at  the  detail  level  of  the 
yam  bundles  that  are  just  discernible  with  the  naked  eye. 
This  tracing  formed  the  basis  for  quantifying  a  value  of  2 A 
as  the  effective  surface  area  for  use  in  heat  transfer  calcula¬ 
tions  involving  the  ACFC. 

Combining  the  mass  balance,  equilibrium  expression,  and 
energy  balance  that  are  described  in  eqs  2—4,  respectively, 
yields  a  single  equation  for  T  as  a  function  of  t  as  the  only 
variable.  The  temperature  of  the  adsorbent  and  the  release 
rate  of  adsorbate  throughout  the  desorption  cycle  can  then 
be  computed  given  the  applied  power  input  function  to  the 
system,  f(V$  or  f{I,t)  that  is  included  in  eq  4.  This  system 
of  equations  was  solved  by  finite  difference  using  Matlab 
with  a  1-s  time  interval. 

During  the  initial  phase  of  desorption,  the  first  term  in 
eq  2  can  be  ignored  as  there  is  no  condensation,  and  the 
increase  in  the  vapor  concentration  will  be  equal  to  the 
decrease  in  adsorbent  loading.  Because  the  mass  of  the 
adsorbate  needed  to  saturate  the  annular  space  is  M%  of 
the  total  adsorbed  mass,  the  calculation  can  be  simplified  by 
assuming  Wi  to  be  constant,  allowing  C  to  be  computed 
directly  as  a  function  of  temperature.  After  the  concentration 
reaches  the  saturation  vapor  pressure,  any  additional  ad¬ 
sorbate  released  will  condense  and  drain  from  the  vessel. 
The  third  term  in  eq  2  becomes  constant,  as  the  concentration 
in  the  annulus  remains  at  Ps  during  condensation.  The 
resulting  one-dimensional  nonadiabatic  model,  with  in¬ 
vessel  condensation,  accounts  for  all  the  dominant  energy 
and  mass  transfer  mechanisms  needed  to  characterize  the 
ED  process. 

Results  and  Discussion 

Adsorption  Isotherms.  Measured  adsorption  capacities  using 
the  high-temperature  adsorption  isotherm  system  are  plotted 


as  symbols  and  the  lines  represent  results  from  the  DR 
equation,  with  coefficients  derived  by  Ramirez  et  al.  (Wj0  = 
0.748  cm3/g,  E=  14.43  kj/mol,  Figure  8)  (21).  The  22  and  50 
°C  isotherm  lines  were  derived  from  the  independent 
gravimetric  system  while  the  1 25  and  1 75  °C  lines  result  from 
extrapolating  the  DR  equation  obtained  at  the  lower  tem¬ 
peratures. 

Data  obtained  with  breakthrough  curves  at  22  °C  are 
within  3.1%  of  the  values  predicted  by  the  DR  equation  (21). 
Adsorption  capacity  data  obtained  when  ACFC  is  heated 
directly  with  electricity  and  indirectly  with  inert  gas  agree 
within  7.1%  for  the  125  and  1 75  °C  tests:  These  results  indicate 
that  the  DR  equation  can  be  used  to  model  the  equilibrium 
partitioning  of  MEK  vapor  between  the  bulk  gas  and 
adsorbent  throughout  the  temperature  and  concentration 
ranges  experienced  during  electrothermal  regeneration  of 
the  ACFC,  even  at  temperatures  above  MEKs  boiling  point. 

Desorption  Temperature  Measurements.  The  depen¬ 
dence  of  temperature  for  specific  locations  within  the 
adsorber  during  the  application  of  electrical  power  to  the 
ACFC  is  described  in  Figure  9.  Voltage  was  adjusted  with  a 
feedback  control  loop  receiving  an  input  signal  from  a 
temperature  sensor  in  combination  with  eq  6  to  maintain  a 
constant  current  of  ^  10  A  for  200  s.  The  ACFC  did  not  contain 
adsorbate  for  this  test,  and  N2  purge  gas  flowed  through  the 
ACFC  at  1  standard  L/min.  Locations  for  all  of  the  thermo¬ 
couples  are  as  depicted  in  Figure  3,  In  contrast  to  the  isotherm 
measurements,  the  thermocouple  characterizing  the  ACFC’s 
surface  temperature  during  regeneration  was  located  2  mm 
from  its  surface  to  protect  the  instrumentation  from  electrical 
current.  Note  that  the  thermocouple  located  2  mm  from  the 
interior  glass  wall  of  the  vessel  heated  to  120  °C  while  the 
aluminum  collection  cone  remained  <30  °C,  and  the  gas 
exiting  the  system  remains  within  2  °C  of  ambient  temper¬ 
ature  when  no  adsorbate  is  present. 

The  test  described  in  Figure  9  was  repeated,  except  the 
ACFC  was  initially  saturated  with  1000  ppmv  of  MEK  in  dry 
air,  and  the  N2  gas  flowed  trough  the  vessel  at  1  standard 
L/min  (Figure  1 0) .  Higher  temperatures  for  the  thermocouple 
locations  near  the  vessel  exit  were  observed  during  this  test. 
Heat  of  condensation  most  likely  played  a  role  in  heating  of 
the  thermocouples.  More  time  is  required  to  reach  the  final 
temperature  at  constant  current  when  the  ACFC  contains 
adsorbate,  because  additional  energy  is  required  to  desorb 
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FIGURE  9.  Measured  temperature  profiles  for  heating  and  then  cooling  at  select  locations  within  the  adsorber,  without  adsorbate  present. 


the  adsorbate.  The  amount  of  time  that  power  is  applied 
during  desorption  increased  from  ^200  to  ^300  s,  indicating 
that  a  significant  portion  of  the  energy  is  required  to  desorb 
the  adsorbate.  Mass  of  desorbed  MEK  is  plotted  on  the 
secondary  axis  of  Figure  10.  The  formation  of  the  condensate 
coincides  with  a  sudden  increase  in  the  temperatures  at  the 
cone  and  exit  locations.  The  exit  temperature  is  within  20  °C 
of  ambient  temperature  and  supports  the  assumption  that 
a  majority  of  the  adsorbate  is  condensed  within  the  adsorber 
before  it  exits  the  vessel. 

Energy  Balances.  Closures  for  the  energy  balances  were 
evaluated  by  comparing  the  experimentally  measured  elec¬ 
trical  energy  consumed  to  regenerate  a  saturated  adsorbent 
to  the  energy  required  to  heat  the  adsorbent  when  considering 
the  inner  and  outer  energy  balances  (eqs  4  and  5,  respec¬ 
tively).  As  previously  mentioned,  N2  gas  flow  was  1  standard 
L/min  for  all  regeneration  tests.  The  total  energy  input  was 
obtained  by  integrating  the  measured  voltage  and  current 
readings  during  the  experiment.  The  measured  temperature 
profiles  were  then  combined  with  the  energy  balances  and 
numerically  integrated  to  describe  the  energy  required  to 
heat  the  system.  The  inner  and  outer  energy  balances 
provided  closure  within  -7%  and  +2%  of  the  measured 
energy  input  values,  respectively  (Figures  1 1  and  12).  These 
closures  are  reasonable  when  considering  the  limited  number 
of  temperature  measurement  locations  and  that  10-s  time 
steps  were  used  in  computing  the  energy  losses  from  the 
measured  temperature  data.  The  inner  energy  balance 
indicates  that  radiation  from  the  ACFC  consumes  13%  of  the 
energy  input,  and  the  adsorber  can  be  improved  by  using  a 
reflective  inner  wall  of  the  vessel. 

Results  from  combined  mass  and  energy  balance  model¬ 
ing  were  then  compared  with  measured  results  to  compare 
the  spatial  and  temporal  deposition  of  energy  within  the 


adsorber  during  electrothermal  desorption  of  adsorbate 
(Figure  13).  This  adsorbent  was  initially  saturated  at  1000 
ppmv  MEK.  The  overall  heat  capacity  term  in  Figure  13 
includes  all  of  the  heat  capacities  within  the  adsorber  as 
described  by  eq  4.  The  electrical  current  was  kept  constant 
at  9.8  A  (standard  deviation  =  0.081 ,  n—  27).  During  the  first 
40  s,  the  majority  of  the  electrical  energy  (~85%)  heats  the 
ACFC  and  the  liquid  adsorbate  with  15%  of  the  energy  lost 
to  conduction,  convection,  and  radiation.  As  the  vapor 
concentration  reaches  the  bulk  gas  saturation  value,  the 
adsorbate  is  rapidly  released  and  initially  consumes  40%  of 
the  energy  deposited  to  the  adsorber  between  40  and  50  s. 
The  conductive,  convective,  and  radiative  losses  gradually 
increase  as  the  system  heats.  The  total  modeled  energy  usage 
agrees  within  3.2%  with  the  measured  cumulative  electrical 
energy  input  (dashed  line). 

Adsorbate  Recovery  Results.  The  temporal  variability  of 
modeled  and  measured  cumulative  mass  fractions  of  MEK 
condensate  for  a  desorption  cycle,  with  current  maintained 
at  9.8  A  is  provided  in  Figure  14.  The  cumulative  mass  of 
MEK  condensate  collected  from  the  vessel  is  shown  in  panel 
A,  and  the  ACFC’s  temperature  is  described  in  panel  B.  The 
modeled  results  in  panel  A  were  shifted  20  s  to  compensate 
for  the  delay  in  capture  of  the  liquid  MEK  in  the  gravimetric 
balance  as  observed  in  Figure  2.  The  modeled  and  measured 
temperatures  deviate  significantly  from  each  other.  The 
measured  temperature  is  linear  and  lags  when  compared  to 
the  modeled  temperature.  The  thermocouple  is  2  mm  away 
from  the  ACFC’s  surface  causing  inefficient  heat  transfer 
between  the  ACFC  and  thermocouple  because  of  the  low 
specific  heat  of  air  that  is  transferring  heat  from  the  ACFC 
to  the  thermocouple.  There  is  also  a  lag  in  sensing  temper¬ 
ature  changes  by  the  thermocouple  because  it  is  encased  in 
a  stainless  steel  sheath.  Visual  observation  of  the  time  when 
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FIGURE  10.  Measured  temperature  profiles  for  heating  at  select  locations  within  the  adsorber  during  desorption  of  MEK  and  cumulative 
mass  of  collected  MEK  condensate. 


condensation  begins  to  occur  supports  the  accuracy  of  the 
modeled  temperature  results.  If  the  measured  temperature 
profile  were  accurate,  then  the  mass  of  adsorbate  remaining 
in  the  ACFC  would  exceed  the  equilibrium  mass  as  predicted 
by  the  DR  equation  in  mid-cycle. 

Panels  C  and  D  of  Figure  14  show  the  remaining  ad¬ 
sorbed  MEK  in  the  ACFC  and  the  MEK  vapor  concentra¬ 


tion  in  the  annulus,  respectively.  Of  the  original  adsorbed 
mass  of  MEK,  70%  is  recovered  as  condensate  (panel  A), 
27%  is  retained  in  the  ACFC  (panel  C),  and  the  remaining 
3%  is  released  as  a  vapor  from  the  process.  These  values 
agree  to  within  5%  of  the  idealized  graphical  representation 
of  the  desorption  using  the  isotherm  plots  as  shown  in  Figure 
4. 
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FIGURE  12.  Results  for  outer  energy  balance  around  entire  adsorber.  Closure  over-prediction  is  within  +2%  off  the  measured  electrical 
energy  input. 
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FIGURE  13.  Temporal  variability  of  modeled  and  measured  energy  terms  for  desorption  off  MEK. 


Desorption  tests  were  also  performed  with  other  relevant 
adsorbates  to  demonstrate  the  generality  of  the  methodology 
described  above.  Results  from  separate  tests  during  which 
the  ACFC  was  saturated  with  acetone  at  1000  ppmv  and 
methyl  propyl  ketone  (MPK)  at  250  ppmv  are  shown  in  Figure 
15,  panels  A  and  B,  respectively.  The  modeled  recovery  of 
condensate  agrees  well  to  the  measured  recovery  results. 
Temperature  profiles  exhibit  the  same  general  structures  as 
those  obtained  for  the  MEK  test.  Similar  results  are  obtained 
with  methyl  isobutyl  ketone  and  toluene.  Tests  with  select 
power  application  algorithms  and  MEK,  acetone,  and  MPK 
adsorbate  loadings  at  vapor  concentrations  ranging  between 
250  and  1000  ppmv  had  mean  absolute  errors  <6.7%  and 
>0.998  {13). 

For  compounds  with  greater  saturation  vapor  pressures 
than  MEK,  die  model  assumptions  begin  to  break  down.  The 
vessel  shell  at  ambient  temperature  does  not  provide 


sufficient  cooling  to  completely  condense  these  compounds. 
Desorption  of  acetone  at  lower  power  levels  resulted  in  lower 
recovery  (by  40%)  than  that  predicted  by  the  model. 
Desorption  of  methylene  chloride  resulted  in  ~10%  con¬ 
densate  recovery  of  the  adsorbed  mass,  and  rapid  venting 
of  excess  vapor  from  the  vessel  was  observed  (23).  Auxiliary 
cooling  of  low  flow  rate  effluent  from  the  adsorber  may  be 
needed  for  compounds  with  saturation  vapor  pressures  >0.2 
atm  at  20  °C. 

Simulations.  Simulations  of  select  power  application 
algorithms  allow  comparison  of  results  for  constant  current, 
power,  and  voltage  scenarios  in  Figure  16A.  All  three  scenarios 
use  inputs  described  in  Table  1  unless  specified  otherwise. 
Simulations  consumed  180  kj  ±  5%  per  regeneration  cycle. 
Constant  current  yields  the  largest  initial  power  deposition 
and  the  sharpest  profile  for  condensate  recovery  and  will 
thus  have  the  greatest  potential  for  energy  optimization. 


4874  ■  ENVIRONMENTAL  SCIENCE  &  TECHNOLOGY  /  VOL.  38,  NO.  18,  2004 


A 


Time  [sec] 

— *  Measured  —  Modeled 


0  100  200  300  400 


Time [sec] 

B  |  “""Measured  —  Modeled 


i 

T3 


0  0.8 
</> 

"O  0.7 

< 


—  0.6 
CO 

0.5 

C 

~  04 

73  0 

a>  o.3 
-Q 

0.2 

o 


CO 


0.1 


C 


Time  [sec]  D  Time  [sec] 


FIGURE  14.  Comparison  of  modeled  and  measured  results  during  desorption  of  MEK  with  an  initial  loading  of  1000  ppmv. 
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FIGURE  15.  Comparison  of  modeled  and  measured  cumulative  condensate  during  desorption.  ACFC  was  saturated  with  acetone  at  1000 
ppmv  (A)  and  MPK  at  250  ppmv  (B). 


Figure  16B  shows  power  consumption  for  the  constant 
current  and  constant  voltage  scenarios.  At  constant  voltage, 
the  total  power  consumption  is  the  same,  but  more  power 


is  delivered  later  in  the  process  when  the  temperature  is 
elevated  and  energy  losses  are  greater.  In  addition,  with 
constant  voltage,  the  peak  current  is  more  than  50%  higher, 
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FIGURE  16.  Comparison  of  modeled  desorption  rates  (A)  and  power 
constant  power,  and  constant  voltage. 
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FIGURE  17.  Simulated  desorption  results  for  energy  efficiency  with 
select  current  values. 


requiring  higher  current  capacity  circuitry.  A  variable-voltage 
power  supply  with  temperature  feedback  allowing  the 
application  of  a  constant  current  is  preferred. 

Simulations  for  select  constant  current  levels  give  insight 
into  the  energy  efficiency  of  electrothermal  desorption  (Figure 
17).  Higher  energy  input  rates  increase  energy  efficiency. 
Termination  of  the  desorption  cycle  at  200  °C  as  used  for  the 
experiments  is  beyond  the  optimal  shutoff  temperature  for 
energy  efficiency,  which  is  about  160  °C.  Although  a  lower 
maximum  temperature  is  more  energy  efficient,  it  requires 
more  adsorbent  and  a  larger  vessel  to  treat  the  same  volume 
of  gas  and  therefore  might  result  in  a  higher  overall  cost  of 
operation.  A  more  detailed  economic  evaluation  is  needed 
to  determine  optimum  operating  parameters  for  the  system 
(24). 
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